R67 dihydrofolate reductase (DHFR) is a novel protein encoded by an R-plasmid that confers resistance to the antibiotic, trimethoprim. This homotetrameric enzyme possesses 222 symmetry, which imposes numerous constraints on the single active site pore, including a "onesite-fits-both" strategy for binding its ligands, dihydrofolate (DHF) and NADPH. Previous studies uncovered salt effects on binding and catalysis [Hicks et al., (2003) Biochemistry 42, 10569-78], however the residue(s) that participates in ionic contacts with the negatively charged tail of DHF as well as the phosphate groups in NADPH was not identified. Several studies predict that K32 residues were involved, however mutations at this residue destabilize the R67 DHFR homotetramer. To study the role of K32 in binding and catalysis, asymmetric K32M mutations have been utilized. To create asymmetry, individual mutations were added to a tandem array of four in-frame gene copies. These studies show one K32M mutation is tolerated quite well, while addition of two mutations has variable effects. Two double mutants, K32M:1+2 and K32M:1+4, which place the mutations on opposite sides of the pore, reduce k cat .
INTRODUCTION
R67 dihydrofolate reductase (R67 DHFR) is an R-plasmid encoded enzyme that catalyzes the NADPH dependent reduction of dihydrofolate (DHF) to tetrahydrofolate (THF). Its presence in bacteria confers resistance to the antibiotic, trimethoprim. This enzyme is not similar in sequence or structure to the chromosomally ended DHFRs.
R67 DHFR is a homotetramer and the pore that traverses the length of the molecule is the active site. Surprisingly the structure possesses 222 symmetry (1) , which imposes numerous constraints on binding and catalysis. For example, the symmetry requires that for each binding site, there must be three additional, symmetry related sites. However solution studies find only two sites can be occupied simultaneously because of steric constraints. The possible binding combinations are two NADPH molecules, or two folate/DHF molecules or one NADPH plus one folate/DHF molecule (2) . Only the latter is productive. Thus binding of neither ligand can be optimized and a "one site fits both" approach is employed (3, 4) . Another constraint arising from the symmetry is that addition of a mutation to the gene results in 4 mutations per single active site pore. While addition of one mutation might help DHF binding in one half the pore, it will not necessarily help NADPH binding in the other half of the pore (or vice versa). Breaking the 222 symmetry of R67 DHFR by introduction of asymmetric mutations should help unravel how R67 DHFR functions.
To allow introduction of asymmetric mutations, a tandem array of four, in-frame R67 corresponds to a monomer in R67 DHFR. The linker sequence connecting the gene copies is the natural N-terminus. The quadruplicated gene product is almost fully active with only a slight decrease in k cat (1.6 fold) and a slight increase in K m values (1.5 fold). All other studies suggest the quadruplicated gene product mimics the homotetramer very closely.
Which mutations should be introduced into Quad3 to allow analysis of R67 DHFR catalysis? Previous studies have identified K32, Q67, I68 and Y69 as the most critical residues in binding and catalysis 2 (4, (7) (8) (9) . Therefore these residues were targeted for introduction of asymmetric mutations. The first asymmetric mutation studied was Q67H (6) . This study focuses on the role of K32 residues and a third study considers the effect of Y69F mutations (Stinnett et al., see companion manuscript).
What role is proposed for K32? Since both substrates are negatively charged (DHF possesses two carboxylate groups in its p-aminobenzoyl-glutamic acid (pABA-glu) tail and NADPH possesses a 2' phosphate on the AMP ribose as well as the pyrophosphate bridge), the role of counter charges was considered. The only positively charged residue in the active site is K32 and the symmetry related positions of this residue are shown in Figure 1 . To examine the role of K32 in R67 DHFR function, mutagenesis was employed. Unfortunately, all mutants destabilized the homotetramer, therefore salt effects were used to indirectly probe the role of K32 (7, 10) . Increasing ionic strength was found to dramatically increase the K m values for both ligands. A smaller, but significant rise in k cat was also noted, indicating ionic interactions are involved in binding and catalysis (11, 12) .
Further support for the importance of K32 in binding and catalysis comes from NMR experiments which find a chemical shift in the resonances associated with K32 upon NADPH binding (13) . Also, docking of NADPH into the R67 DHFR•folate complex predicts that K32
likely forms an ionic interaction with the 2'phosphate of NADPH, while a symmetry related K32
likely interacts with the γ-carboxyl group on the glutamate tail of DHF (3). Our simple model for binding and catalysis suggests K32 guides the negatively charged ligands to the active site pore by establishing a positive electrostatic potential (3) . Once the ligands near the active site, symmetry related K32 residues form direct ionic interactions with both NADPH and DHF. After formation of the ground state complex, at least one ionic interaction breaks, leading to hydride transfer.
To evaluate the role of K32 in R67 DHFR, asymmetric K32M mutations were generated using the tandem gene array that encodes Quad3. From studies of these asymmetric mutants, a revised model for K32 in binding and catalysis is proposed.
EXPERIMENTAL PROCEDURES

Construction of Asymmetric Mutants Construction of asymmetric mutations in our tandem
array is straightforward as the gene copies are separated by unique restriction enzyme sites. We mutagenize each gene copy separately and then reconstruct the tandem array. This process has been previously described for production of asymmetric Q67H mutations (6) . All K32M mutants were verified by DNA sequencing.
Growth and Purification E.coli STBLII cells are able to maintain the tandem gene array without recombination (14) . Cells containing the desired clone were grown in TB media at 30°C for 60 hours in the presence of only 200µg/ml ampicillin, since introduction of trimethoprim into the growth media results in random mutations within the gene sequences. DNA from each of the 12 liters for the K32M:1+3 and K32M:1+4 mutants was isolated and sequenced to verify that each culture still possessed the appropriate mutations. Cells were lysed and protein purified as described previously (6) . During the purification process, 0.1g/L polyethylene glycol 3350
(PEG) was added to all solutions since this addition minimizes aggregation (15) and leads to higher protein yields. Mass spectrometry (intact mass by electrospray-ion trap (4)) was utilized to verify the K32M:1+2 mutant protein had the correct molecular mass.
pH Titrations Wild type R67 DHFR is a homotetramer that undergoes a pH dependent dissociation to 2 dimers (16). This process can be monitored by fluorescence as symmetry related tryptophan 38 residues occur at the two symmetry related dimer-dimer interfaces (17) .
At pH 8, W38 is buried (tetramer), while at pH 5 it is exposed to solvent (dimer). The pH dependence of dissociation arises from protonation of symmetry related H62 residues that also occur at the dimer-dimer interfaces. While Quad3 cannot dissociate due to the linker sequences tethering each gene copy product, it can undergo a transition from a "closed" form (active conformation, pH 8) to an "open" form (inactive, pH 4) (5,6). The effects of pH on Quad3 were assessed in varying salt conditions at room temperature. The intensity averaged emission wavelength, <λ>, for each emission spectrum was calculated according to Royer et al. (18) . The pH profiles were fit to a simple ionization equation and normalized according to Bradrick et al.
(5).
Circular Dichroism Circular dichroism (CD) spectra were recorded at 22°C in 10 mM potassium phosphate buffer (pH 8) with 10 µM Quad3, K32M:1+2, K32M:1+3, and K32M:1+4 mutant R67 DHFRs using an Aviv Model 202 series circular dichroism spectrometer as previously described (4).
Steady-State Kinetics with Mutants
The steady-state kinetic behavior of each mutant was monitored as previously described (19) . Experiments were performed at 30°C in either 50 mM MES + 100 mM Tris, + 50 mM acetic acid (MTH) polybuffer (20) or TE buffer (10 mM Tris, 1 mM EDTA, pH 7) in the presence of various concentrations of NaCl to adjust the ionic strength.
At least five subsaturating concentrations of NADPH and DHF were used to measure activity. and K32M:1+4 double mutants also have two mutations in their respective gene copies. The non-equivalency of these constructs can be illustrated using the crystal structure for homotetrameric R67 DHFR (see Figure 1) where each monomer would correspond to a domain in Quad3 (2, 27) . pH titrations of the double mutants were attempted, however asymmetric addition of the K32M mutation leads to increased aggregation. Visible turbidity usually appeared during dialysis or during strong mixing/shaking conditions, particularly for concentrated solutions. To minimize aggregation, the proteins were purified and maintained in buffer solutions containing 0.1g/L PEG 3350 (15) . While low concentrations of protein are stable at ≤ 4 o C, we were unable to perform pH titrations of 2µM protein at room temperature.
Since aggregation was a problem with these mutants, we evaluated whether the oligomerization state of the protein was altered using sedimentation velocity experiments. DHFR, this "interface" appears perturbed in the apo K32M:1+4 mutant (see Figure 1D ).
CD spectra for each of the K32M double mutants at pH 8 are given as supplemental data.
The signals for the K32M:1+2 and K32M:1+3 mutants show some changes with respect to Quad3, while the spectrum for the K32M:1+4 mutant displays greater differences. These differences could describe some level of conformational change in the proteins and/or alterations in the contribution of aromatic residues to the signal. Aromatic residues contribute significantly to the CD signal in R67 DHFR (17) , in accord with general observations by Woody (28) . Since K32 is near W38 (closest approach ~ 4 angstroms), mutation to K32M could potentially affect the CD signal.
All the above physical studies suggest addition of a K32M mutation(s) results in some level of structural destabilization. Ocam's razor suggests the simplest interpretation is alteration of the structure at what would correspond to the dimer-dimer interface(s) in homotetrameric R67
DHFR. While only limited conformational changes cannot be proven, the steady state kinetic data below suggest addition of ligand(s) provides sufficient contacts to restore the active site structure.
Binding of NADPH Monitored By Fluorescence Quenching
To monitor how the mutations affect NADPH binding, a fluorescence quenching approach was used (at 4 o C). This technique only monitors binding at the first tight site, yielding K d1 (2) . The titrations are shown in Figure   3A , and the fitted values are given in (17)) is altered by a proximal K32M mutation. 
Binding of DHF Monitored By Fluorescence Quenching
A Comparison of Steady-State Kinetic Parameters
Since PEG was present in the assays, a test of its effects on the steady state behavior of Quad3 was performed. As shown in Table 2 , no significant changes were noted. The steady state kinetic parameters for the various mutants are also listed in fold enhancement of the k cat value compared to Quad3.
While the apo structure of the K32M:1+4 mutant (see Figure 1D ) appears perturbed by CD and sedimentation velocity measurements, addition of ligands appears to provide a reasonable level of compensation since this mutant is as active as the K32M:1+2 mutant. Most likely binding of NADPH and DHF provides sufficient binding contacts to restore the necessary structure for activity.
Salt Effects on Kinetic Behavior
To evaluate the ionic strength dependence of these steady state kinetic parameters, salt effects were analyzed for the double mutant series. Data are shown in Figure 4 and the slopes of the plots are listed in 
DISCUSSION
The simplest model of catalysis in R67 DHFR proposes that DHF occupies half the pore and cofactor the other half. The pteridine ring of DHF and the nicotinamide ring of NADPH encounter each other at the center of the pore (29) where the reaction occurs. From a comparison of K d1 values, a strong preference exists for NADPH to bind first (2) . It would presumably interact with the tightest binding site available. When DHF then binds to the enzyme•NADPH complex, it is forced into the other half of the pore, which could lack one to two K32 contacts in this asymmetric mutant series. Binding models for the various mutants are schematized in Figure 5 and will be discussed below.
Does K32 play a direct role in binding NADPH? Docking of NADPH into R67 DHFR•folate
predicts an ionic interaction between K32 and the 2'phosphate of NADPH (see Figure 1E ) (3).
While the pyrophosphate bridge is docked further away from a symmetry related K32 residue, sidechain movement could allow formation of a second ionic interaction. Experimental evidence supporting a second ionic interaction comes from our previous salt effect data (7) where binding of NADPH to wild type (homotetrameric) R67 DHFR was found to be salt sensitive and a loglog plot of ionic strength vs. K d1 yielded a slope of 2. The slopes of these types of plots have previously been taken to describe Z, the number of ionic interactions involved in binding (11,12,30).
To evaluate the above model where 1-2 ion pairs are predicted to occur between NADPH and symmetry related K32 residues, asymmetric mutants were used. A single K32M mutation did not alter the K d1 associated with NADPH binding. In the double mutant series, the When NADPH binds to the K32M:1+3 double mutant, it may bind to either the half pore possessing wildtype K32 residues or the half pore containing mutant K32M residues (see Figure   5 ). Presumably, binding to the wildtype half pore would involve fewer perturbations and result in minimal effects on K d1 . This expectation is consistent with the observed dissociation constant. However since only a fraction of these binding modes is productive, k cat is also decreased in parallel (32) . Non-productive binding in R67 DHFR would not be surprising due to its 222 symmetry. Since the highest k cat and K m values occur for the K32M:1+3 double mutant, this protein likely possesses the most productive binding mode (in the double mutant series). In other words, loss of ionic contacts in one half of the pore in this mutant (see Figure 5 ) leads to more productive binding. Conversely, non-productive binding likely describes ionic contacts in one half of the pore between K32 and DHF or NADPH.
What is the role of K32 in binding DHF? From binary complex binding studies ( Figure 3B ), K32 clearly plays a role in binding DHF. Loss of one K32 residue is well tolerated, but loss of two K32 residues affects both the percent quench as well as binding affinity. Changes in affinity must remain qualitative as the curves were not fit.
If our cartoon describing the ternary complex in Figure 5 (also see Figure 1E) approximates productive ground state binding, then minimal effects on k cat and K m would be expected for the asymmetric mutant that matches the (predicted) productive ternary complex topology (K32M:1+2), with larger effects on the non-preferred topology (K32M:1+4). However we find that the 1+2 and 1+4 double mutants have similar kinetic behavior (<3 fold differences in both k cat and K m values). This is a highly unusual result and we conclude that both topologies allow comparable interactions between K32 and the glu tail of DHF. This behavior correlates with the disorder observed for the glu tail of bound folate in the crystal structure (1) as well as NMR studies that find the glu tail is mobile (29) .
These data present a conundrum, how can the DHF tail be mobile, yet nearby residues affect its' binding? Perhaps the tail could maintain solvent separated ion pairs (SSIP) with both symmetry related K32 residues. SSIP are a common phenomenon in small molecules (33-35) & may play a role in enzymes (36, 37) . Solvent separation could minimize the desolvation penalty associated with ion pair formation (38) . Also some host-guest studies indicate tight binding can be associated with high ligand mobility in the cavity (39) (40) (41) . 
What is the role of K32 in catalysis?
In wt R67 DHFR, an increase in k cat is associated with increasing salt conditions (7). An increase in k cat also occurs in the K32M:1+3 mutant with a ≥
fold increase over Quad3 and a ≥ 18-fold increase over the other double mutants. Thus, this
mutant, which appears to have lost its potential for an ionic contact(s) in one half the pore due to the substitution of both K32 residues, to some degree mimics the effects of salt on k cat for wt R67 DHFR. These data indicate that charge neutralization facilitates formation of the transition state.
What is the salt sensitive interaction monitored by k cat ? Since salt sensitivity for k cat remains when NADH is used as the alternate cofactor in wt R67 DHFR, the 2'phosphate moiety is not involved (7) . Either the pyrophosphate bridge of NADPH or the pABA-glu tail of DHF remain as possible candidates. Our results for the K32M:1+3 double mutant suggest the salt sensitive interaction may be with the pABA-glu tail of DHF. A weak, salt sensitive interaction can be envisioned as beneficial as it could be more readily broken. Also the ability of the K32M:1+2 and 1+4 double mutants to tolerate various positions of the pABA-glu tail could correlate with the requirement to break a salt bridge with K32 to reach the transition state.
Another obvious effect of the asymmetric K32M mutations is on the slopes of log-log plots of ionic strength vs. k cat . The slope for wt R67 DHFR is 0.9 while the slope for the K32M:1+2 and 1+4 mutants decreases to 0.2. Clearly an interaction with K32 is involved in loss of some level of salt sensitivity. Since the change in slope is not unitary and some salt sensitivity remains, does this correspond to loss of a single ionic interaction? This scenario seems unlikely as some level of non-productive binding appears to have been unmasked in the double mutants.
Since the slopes for k cat /K m remain within error of each other, it seems likely that the decrease in slope for k cat corresponds to different salt sensitivities associated with the productive and nonproductive binding modes, with the non-productive mode being less susceptible in this ionic strength range. dictates that each residue must serve numerous roles, none of which are likely to be optimized. nomenclature. However the single mutation was actually placed in the second gene copy.
Conclusions
Because of the 222 symmetry, the K32M:2 construct should be equivalent to a K32M:1 construct. The double mutants actually constructed were K32M:3+4, K32M:2+4, and K32M:2+3 (which should be equivalent to the K32M:1+2, K32M:1+3 and K32M:1+4 constructs from the 222 symmetry). These constructs were made as we were concerned that two K32M mutations at what corresponds to a dimer-dimer interface in wildtype (wt) R67 DHFR could be destabilizing. Thus we placed the two K32M mutations into gene copies 2 and 3. Our reasoning for this placement was to allow the wild type (wt) sequences in copies 1 and 4 to interact at the N-and C-termini and provide contacts to hold the domains together. 
